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Chapter 1: Introduction 
1 Motivation and Guidance 
As a part of the Global Threat Reduction Initiative (GTRI) program, the University of Missouri Research Reactor (MURR), a 10 MW research reactor in Columbia, Missouri, is converting from nominally 93% highly-enriched uranium (HEU) aluminide dispersion fuel to 19.75% low-enrichment uranium (LEU) U-Mo monolithic fuel, which is being developed under the Reduced Enrichment for Research and Test Reactors (RERTR) umbrella. Both GTRI and RERTR are divisions of the United States’ Department of Energy and their mission, as stated by the RERTR program, is “the minimization and, to the extent possible, elimination of the use of HEU in civil nuclear applications by working to convert research reactors and radioisotope production processes to the use of LEU fuel and targets throughout the world.” So far, over forty reactors have converted from HEU to LEU fuel around the world. MURR is one of five reactors in the United States still using HEU fuel. The other four reactors are the Massachusetts Institute of Technology Reactor (MITR), the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL), the Advanced Test Reactor (ATR) at Idaho National Laboratory (INL), and the National Institute of Standards and Technology (NIST) reactor. All five reactors cannot convert using existing, licensed fuel (5). Therefore, with the assistance of Argonne National Laboratory (ANL), Y-12 National Security Complex, and the Babcock and Wilcox Company (B&W) (among others), MURR intends to convert to LEU fuel. The 
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core of the reactor will have eight fuel elements with twenty-three fuel plates in each element, centered on a circular flux trap. To keep the current performance, the thermal power will have to be uprated from 10 MW to 12 MW.  
  
Figure 1: The basic design of a MURR HEU fuel element. LEU fuel element is similar, except 
with 23 fuel plates instead of the 24 plates for the HEU element (17)  
 
Figure 2: Layout of MURR core (17) 
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The basic picture of a single fuel element and the layout of the HEU or LEU core are shown in Figures 1 and 2 above. The current HEU core is 10 MW of thermal power, with 8 fuel elements and 24 curved fuel plates, with the reactor pool being 10 feet in diameter and 30 feet deep (39). The fuel plates are 50 mils thick, 20 mils of fuel meat and 15 mils of cladding on either side. With the proposed monolithic U-10Mo 19.75% LEU fuel and the uprated power from 10 MW to 12 MW, the performance of the reactor, the thermal-hydraulic safety, and the shutdown margins necessary for MURR can be maintained after converting to LEU. The thickness of the LEU fuel has 2 different values: 44 mils for plate 1-22 and 49 mils for plate 23. The fuel meat thickness varies across the core in order to maintain a flatter radial heat flux profile. The core will still have the 8 element annular design, but with slightly thinner fuel plates and thicker coolant channels (39). 
As a part of the conversion effort, several safety analyses must be done to 
comply with the Nuclear Regulatory Commission’s (NRC) regulations. These regulations are mandated for the reactors governed by the NRC. These reactors include MURR, the Massachusetts Institute of Technology Reactor (MITR), and the National Institute of Standards and Technology (NIST) test reactor. These analyses include reactivity insertion accidents, loss of coolant (LOCA) and loss of flow (LOFA) accidents, fuel-handling accident, and the maximum hypothetical accident (MHA). This thesis analyzes the MHA. 
 NRC NUREG-1573 “gives guidance to non-power reactor licensees…for 
licensing actions (1).” Among the licensing actions listed is conversions from HEU to 
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LEU fuel, the action MURR is taking to comply with the RERTR program. In Chapter 
13.1.1, under the heading “Maximum Hypothetical Accident,” it states four possibilities for the MHA: A specified fraction of the fuel in the core melts, cladding is stripped from a specified fraction of the core fuel plates or elements, the fuel encapsulation bursts, or a fueled experiment melts or fails catastrophically in the pool or in the air. Bullet point 1, “A specified fraction of the fuel in the core melts,” is what MURR used for this fuel conversion MHA. Only TRIGA-type reactors are bound to one of these four possibilities (scenario 3), and MURR, being a plate-type reactor, believed that fuel melting presented the most credible threat to fission product release. Fuel melting in the core was used for MURR’s previous HEU MHA as well (2). 
2 Previous Work 
 As a part of the relicensing submittal of MURR with the NRC in September 2006, MURR preformed the same safety analyses on the current HEU fuel as was done on the proposed conversion from the HEU fuel to LEU fuel, and many of the same methodologies and assumptions present in the HEU MHA are presented here. The NRC has not accepted this HEU MHA yet, but all requests for additional information (RAIs) have been answered, and there are no outstanding issues. The current MURR HEU core has eight fuel elements centered on a circular flux trap. Inside each fuel element are twenty-four curved fuel plates. MURR assumed the MHA was four number-1 fuel plates in four separate fuel elements melting. The four number-1 fuel plates were chosen because of the high power peaking near the 
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center of the core due to the high flux near the center. While the NRC does not require specifically as to how this might occur, the most likely reason could be the coolant channel blockage on either side of plate 1. This danger is mitigated by 
several safety systems inside MURR’s primary coolant system and core design, so it is not considered a likely event. 
MURR first calculated the energy release from the possible aluminum water reaction: 
Al + nH2O ⇒ AlOn + nH2 + heat (18 MJ) (44) 
Four number-1 fuel plates hold 1.3% of the whole core mass inventory. So, out of the 33.56 kg of aluminum in the core, 436 g of the aluminum melts. Therefore, 7.9 MJ of energy is released. This energy would be easily dissipated into the adjoining fuel elements and steam that would likely be present around the melted fuel elements.  
 Next, radiation doses to workers inside containment were analyzed. This was based on a conservative ten-minute period for workers to leave containment, a conservative leakage rate from the primary coolant system into the pool, and a conservative power history on the core. An ORIGEN calculation of the radioiodines and radioactive xenon and krypton was done to determine the radioactive inventory at the time of the accident. The committed dose equivalent (CDE) and committed effective dose equivalent (CEDE) to the thyroid were 7.5 mrem and 0.23 mrem, respectively.  The total effective dose equivalent (TEDE) to the whole body was 
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132.28 mrem, which is below the 5 rem per year occupational dose guidance of 10 Code of Federal Regulations (CFR) 20 (3).  
To understand the dose units, they need to be defined. The CDE is defined as 
“the dose equivalent to organs or tissues of reference that will be received from an intake of radioactive material by an individual during the 50-year period following the intake.” The CEDE is defined as “the sum of the products of the weighting factors applicable to each of the body organs or tissues that are irradiated and the committed dose equivalent to these organs or tissues,” which for the case of the thyroid is 0.03. The TEDE is the sum of the effective dose equivalents, which is 
defined as “is the sum of the products of the dose equivalent to the organ or tissue and the weighting factors applicable to each of the body organs or tissues that are irradiated (46).”  
 
10-minute Containment Release 
(HEU MHA) CDE (mrem) 7.5 CEDE (mrem) 0.23 DDE (mrem) 132.052 TEDE (mrem) 132.28 
Table 1: 10-minute Containment Release Dosage   
Finally, radiation doses to the public at the point of maximum concentration were calculated. This assumes the concentration of radioactive iodine, xenon, and 
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krypton during the 10-minute release in containment leaks out by a pressure differential between containment and the laboratory building and exhausted out of the stack over a 16.5-hour period. It was found that the there was no appreciable dose from the radioiodines to the thyroid or body. The deep dose equivalent (DDE) from the noble gases, which is the TEDE because of the lack of contribution from the radioiodines, was 0.03 mrem. The DDE is defined as “the dose equivalent at a tissue depth of 1 cm (46).”  This is below the 100 mrem dose to the public guidance from 10 CFR 20 (4).  
16.5-hour Atmospheric Release 
(HEU MHA) CDE (mrem) 0 CEDE (mrem) 0 DDE (mrem) 0.03 TEDE (mrem) 0.03 
Table 2: 16.5-hour Atmospheric Release Dosage  
It should be noted that 10 CFR 20’s guide for exposure to radiation to radiation workers and the general public are guides only for normal operating conditions. Since these analyses are done under accident conditions, the guide from 10 CFR 20 does not necessarily apply. However, since the doses received from the HEU MHA are below the 10 CFR 20 guidelines, they are used as a reference for doses to workers and the public. MURR could, if necessary, petition the NRC for an exception if the dosage for any accident scenario exceeded the limits set forth by 10 CFR 20. NUREG 1537 Part 1 states that “for a research reactor, the results of the 
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accident analysis have generally be compared with 10 CFR Part 20…In several instances, the staff has accepted very conservative accident analyses with results 
greater than the 10 CFR Part 20 dose limits discussed above.” 
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Chapter 2: 10-Minute Containment Release 
1 Assumptions and Primary Methodology 
 The LEU MHA was split into two parts: the 10-minute containment release to radiation workers and the outside release past the boundary of the exclusionary area (EBA), which is outside of the MURR facility. Presented in this chapter is the 10-minute containment release. The 10-minute time interval was chosen as a conservative amount of time for radiation workers to evacuate the containment building. NRC Regulatory Guide 1.195 was used as a guide for both the outside release and the 10-minute containment release. NRC Regulatory Guide 1.195 states that power reactors must calculate the whole body and thyroid dose for those at or beyond the EBA (12). With the lack of guidance for research reactors on this subject, Guide 1.195 was used as a guideline for this chapter. The whole body and thyroid dose was calculated for those inside containment based on this Guide.  
The MHA scenario for the monolithic U-Mo fuel will involve the failure (by melting) of four number-23 fuel plates in four separate elements simultaneously. Although the NRC does not require a specific reason for this fuel failure event, the most likely cause would be a blockage of coolant channels between the element’s fuel plate 22 and 23.  Although this is a very unlikely scenario due to the many safety redundancies in the safety precautions taken by MURR (fuel element end-fittings, primary coolant system strainer, pressure vessel inspection), this accident would 
 10 
result in consequences that bound a credible accident, satisfying the criteria of Chapter 13 of NUREG-1537 Part 1 (1). 
 As in the HEU MHA, the energy release from the aluminum-water reaction must be considered to check that the energy from this reaction does not cause an increase in pressure due to gas production sufficient to lift the primary relief valves. For the LEU core, the total aluminum mass is 36.42 kg (6). The four number-23 fuel plates contain 2.72% of the total mass of the core, resulting in 991 grams of aluminum melting. Taking 18 MJ per kg of aluminum, the total energy release is: 
18 MJ
kg
× 0.991kg = 1.7 × 104 BTU 
This energy is not a significant increase over the HEU MHA aluminum energy release, and would again be easily transferred to the adjacent fuel elements and coolant in the core. There would be insufficient pressure increase from the hydrogen gas production from the Al-water reaction on the primary coolant system relief valves to open them. With the primary relief valves not being opened, the radioactive core inventory would not be subject to leaking directly to the air in containment. 
 With any release of significant gaseous fission products, there are systems in place at MURR to mitigate radiation doses to workers and others in containment. Any radioactive gas trapped in the reactor loop vent tank (shown in figure 3) will result in scram of the reactor and activation of the containment building isolation system, triggered by the pool surface radiation monitor. Also, when the anti-siphon 
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system is activated, radioactive fission product gases could also collect in the anti-siphon pressure tank. The location of these tanks is approximately 2 feet under the pool water surface, which is enough to attenuate any radiation from the gaseous fission products in these tanks, resulting in a lower dose to people inside containment at the time of the MHA. 
 
Figure 3: Diagram of Reactor Loop Vent Tank System   
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Assuming the fission product release is caught in the primary coolant system, there would be some leaking into the reactor pool from the pressure vessel head and flange gasket. Primary water leakage into the pool through the pressure vessel head is observed during operation from the decrease in the pressurizer liquid level when the reactor is operating. The primary coolant system leaks into the reactor pool at a rate of about 40 gallons per week. Taking a conservative step, it is assumed that the leak rate is 80 gallons per week. Based on this leak rate the dosage to containment personal can be calculated for the MHA. 
2 Core Inventory 
 To predict the maximum radioactive material released inventory for the MHA, a core source term, fuel loading, and power peaking factors for the fuel plates was initially calculated. The calculation of the core radioactive material inventory (the source term) was calculated separately from the fuel loading and power peaking factors. This calculation was done using MONTEBURNS (42) to simulate a hypothetical MURR LEU fuel cycle. MONTEBURNS is a MCNP-coupled ORIGEN code system that utilizes the advantages of the continuous-energy ENDF/B cross-section data libraries and over 800 fission products in the ORIGEN libraries.  MCNP is a state-of-the-art all-purpose continuous-energy radiation transport code for neutrons, photons and electrons (47). Thus, the MURR core specific one-group cross-sections set, and consequently the source term, was accurately computed (7). The DIF3D-REBUS (41) code system was used in a similar fashion to conduct a fuel cycle simulation, which gave detailed depleted-fuel characteristics on a plate-by-
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plate basis for the LEU core. These core characteristics were used in a highly detailed Monte Carlo N-Particle (MCNP) MURR model to compute the power distribution across each plate in every element in the core. The specialized one-group cross-section data used in the REBUS-DIF3D calculations were developed using 69-group cross-section data in a WIMS-ANL (43) model of the MURR LEU core. Additionally, it was found that the number of fission products that are traceable with DIF3D-REBUS is limited and therefore insufficient for the MHA source term. 
 Since DIF3D-REBUS was insufficient to calculate the source term, MCNP version 5 and ORIGEN version 2 were used. ORIGEN2 “is a computer code system for calculating the buildup, decay, and processing of radioactive materials (9).”ORIGEN2 is able to calculate burn up, but needs input on the power or the spectrum averaged flux and materials present in the core to calculate decay. MCNP is able to track the spatial energy deposition and particle flux distribution across the core, but not able to calculate burn up. MONTEBURNS automatically interfaces between the two, resulting in the radioactive core inventory used for the MHA.  
 While ORIGEN2 has many one-group cross section libraries for different reactor types, such as a general boiling water reactor or a pressurized water reactor, these libraries were not applicable to the MURR HEU or LEU core. The MHA calculations for the HEU core were studied to benchmark those for the LEU core. Therefore, using detailed MCNP models of both the HEU and LEU MURR cores with material definitions based on the ENDF/B.VII.0 continuous neutron energy data 
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(10), and ORIGEN2’s depletion/generation methodology, a hypothetical fuel cycle simulations for both the HEU and LEU cores at MURR were developed. The radioactive core inventories are compared in Table 3 from the HEU Safety Analysis Report (SAR), the MONTEBURNS HEU burn up calculation for fuel at the end-of-life (EOL), and the MONTEBURNS LEU burn up calculations for fuel at EOL. 
 The increase in all isotopes studied, except Xe-135 and Xe-135m, are all almost 20% higher, which is expected with the 20% uprate in power from the HEU core. The sharp increase in Xe-135 and Xe-135m in the LEU fuel compared to the HEU fuel is explained in two ways. First, the 20% increase in power, as noted before, would produce more of the two isotopes. Secondly, the harder neutron spectrum expected in the LEU fuel would result in a lower spectrum-averaged (n,γ) capture cross section for Xe-135. Since Xe-135 is destroyed from the (n,γ) capture to Xe-136, the harder neutron spectrum would result in less destruction of Xe-135, accounting for the 2.18 and 2.83 LEU/HEU ratio, respectively.  
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Whole Core Radioiodine and Noble Gas Inventory  HEU SAR (Ci) MONTEBURNS HEU at EOL (Ci) MONTEBURNS LEU at EOL (Ci) LEU/HEU ratio Iodine     I-131 1.70 x 105 2.27 x 105 2.78 x 105 1.22 I-132 3.30 x 105 3.09 x 105 3.77 x 105 1.22 I-133 5.10 x 105 5.45 x 105 6.60 x 105 1.21 I-134 6.30 x 105 6.13 x 105 7.41 x 105 1.21 I-135 5.20 x 105 5.08 x 105 6.15 x 105 1.21 Krypton     Kr-85 4.70 x 102 4.63 x 102 5.45 x 102 1.18 Kr-85m 1.10 x 105 1.32 x 105 1.53 x 105 1.16 Kr-87 2.10 x 105 2.06 x 105 2.43 x 105 1.18 Kr-88 3.00 x 105 2.92 x 105 3.44 x 105 1.18 Kr-89 3.80 x 105 3.71 x 105 4.36 x 105 1.18 Kr-90 3.80 x 105 3.69 x 105 4.34 x 105 1.18 Xenon     Xe-133 4.20 x 105 3.87 x 105 4.67 x 105 1.21 Xe-135 9.60 x 104 7.57 x 104 1.65 x 105 2.18 Xe-135m 9.40 x 104 3.64 x 104 1.03 x 105 2.83 Xe-137 4.90 x 105 4.83 x 105 5.84 x 105 1.21 Xe-138 5.20 x 105 5.03 x 105 6.03 x 105 1.20 Xe-139 4.20 x 105 4.09 x 105 4.89x 105 1.20 
Table 3: Whole Core Radioiodine and Noble Gas Inventory using MONTEBURNS (7)     
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                        Figure 4: Xe-135 (n,γ) capture cross-section as a function of energy (11)    The decreased destruction of Xe-135m also is accounted for by the harder neutron spectrum.  Xe-135m is created from fission of the uranium in the LEU core, not from the decay of any other isotope, as is the case of Xe-135 (13). Xe-135m does not have an ENDF file from Brookhaven National Laboratory (BNL), but it does have a capture cross-section versus energy plot from the TALYS computer simulation developed by NRG Petten, the Netherlands and CEA Bruyères-le-Châtel, France (14). It has been thoroughly benchmarked and is an accepted data output for the International Atomic Energy Agency (IAEA). According to the TENDL-2012 output, which is the output file of TALYS, the (n,γ) reaction has a slightly lower cross-section 
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at the fast neutron energies than I-135, accounting for its slightly higher presence from HEU to LEU than Xe-135. 
 
                 Figure 5: (n,g) cross-section of Xe-135m as a function of energy (15)  
The NRC does not give research reactors guidance on how to choose the release fractions of nuclides to study for the MHA. However, there is guidance for power reactors on choosing isotopes for fission product release provided by the NRC. Regulatory Guide 1.195 (14) seems most relevant to the MURR MHA. 
Regulatory Guide 1.195 “provides guidance to licensees of operating power reactors on acceptable methods and assumptions for performing evaluations of fission product releases and radiological consequences of several postulated light-water 
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reactor design basis accidents (12).” This guide has release fractions for both LOCA and non-LOCA accidents where “the fuel is melted and the cladding is breached 
(12),” which is the LEU MHA. Under Table 2 in Regulatory Guide 1.195, the BWR and PWR core inventory released into containment are all of the noble gases and half of the radioiodines. This is the basis for looking just at the kryptons, xenons, and iodines present in the core at the time of the MHA. This analysis also makes the conservative assumption that none of the radioiodines are absorbed in the primary coolant system before being released into containment.  
 Finally, the determination of using four number-23 fuel plates was decided on by studying the fuel loading and the power peaking factor across the LEU core. For power peaking concerns, the design of the monolithic U-10Mo LEU fuel element was changed slightly from the HEU dispersion uranium-aluminide fuel elements. 
The meat thicknesses of the plate’s number 1, 2 and 3 (i.e., the plates closest to the flux trap) were thinned from 50 mils to 44 mils, and plate-23, the plate nearest the beryllium reflector, was thinned from 50 mils to 49 mils in order to flatten the radial heat flux profile. This is necessary because of the proposed 20% power uprate (10 MW to 12 MW) from an HEU to LEU core to maintain the current performance. Because of this, the maximum hot-stripe heat flux for the LEU core is only 11% higher than the hot-stripe heat flux in the HEU core (16). By multiplying the power peaking factor by the percentage of fuel loading of four of each of the 23 plates, the percentage of core inventory for each group of plates was determined. It was determined that four beginning-of-life (BOL) plate-23’s in a mixed burn up core with 
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equilibrium xenon would give the maximum radioactive core inventory that could be melted. This fraction is 5.47%. 
 
HEU and LEU Fuel Plate Loading  HEU LEU Plate Meat Thickness (mil) Fraction of whole-core 235U mass in 4 plates of this type 
Meat Thickness (mil) Fraction of whole-core 235U mass in 4 plates of this type 1 
20 
1.24% 9 0.60% 2 1.32% 12 0.85% 3 1.39% 16 1.20% 4 1.46% 
20 
1.59% 5 1.53% 1.67% 6 1.61% 1.76% 7 1.68% 1.84% 8 1.75% 1.93% 9 1.83% 2.01% 10 1.90% 2.10% 11 1.97% 2.18% 12 2.05% 2.26% 13 2.12% 2.35% 14 2.19% 2.43% 15 2.27% 2.52% 16 2.34% 2.60% 17 2.41% 2.69% 18 2.49% 2.77% 19 2.56% 2.85% 20 2.63% 2.94% 21 2.70% 3.02% 22 2.78% 3.11% 23 2.85% 17 2.72% 24 2.92%   
Table 4: HEU and LEU fuel plate loading (18)  
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Figure 6: LEU power factors from REBUS-DIF3D (18)                               
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Fraction of Whole-Core Radioactive Inventory used for LEU 
MHA 
Plate 
Fraction of Whole-Core Radioactive Inventory used in HEU MHA Mass Fraction from Table 4 x Mixed Burn Up core, Eq. Xe, BOL element  1 
2.08% 
1.88% 2 1.92% 3 2.00% 4 2.05% 5 1.84% 6 1.75% 7 1.71% 8 1.69% 9 1.70% 10 1.73% 11 1.77% 12 1.81% 13 1.85% 14 1.91% 15 1.98% 16 2.06% 17 2.16% 18 2.30% 19 2.50% 20 2.82% 21 3.34% 22 4.34% 23 5.47% 24 2.08% N/A 
Table 5: Radioactive Inventory used for LEU MHA  
 This combination of an EOL plate burn up with a mixed burnup core with equilibrium xenon and a BOL plate power factor is not very probable, but it is the most conservative assumption one can make to bound all other fuel melting scenarios. 5.47% is the maximum 4-plate mass fraction that could melt, even theoretically.  The more realistic assumption would be to match a plate burn up with 
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a corresponding core power factor, such as a BOL plate with the mixed burn up core, equilibrium xenon, BOL power factor, but that would not give the 5.47% mass fraction that is derived from the unrealistic scenario of the EOL plate burn up. Therefore, to assure that the most conservative assumptions are being made, the EOL plate burn up is matched with the mixed burn up core, equilibrium xenon, BOL power factor. 
 
3 Dosage to Workers in Containment using 10 CFR 20 Appendix B 
DACs 
 Now using the activity in the core and the mass fraction melted inside the core as derived in section 2, it was possible to calculate the 10-minute dosage to workers in the containment structure. 10 minutes is a conservative estimate of time for workers to leave containment. Operations personnel and other radiation workers in containment would almost never be in containment for 10 minutes. MURR regularly practices containment evacuation, and workers inside containment never approach 10 minutes inside the containment structure. Regularly, it takes 5 minutes for operations personnel to secure the primary coolant system and to make sure the containment building is evacuated. However, as a conservative assumption, 10 minutes was used.  
 The same assumptions about the radioactive inventory dispersing into the core as the HEU MHA were used in this analysis for the LEU fuel. The primary 
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coolant system is not changing, so there was no need to change these assumptions. It is assumed that the radioactive inventory is quickly and evenly dispersed within the 2,000-gallon primary coolant system. From the pressurizer, it is known that the primary coolant system leaks about 40 gallons per week into the reactor pool. However, to remain conservative, 80 gallons per week of leakage into the reactor pool was used for the MHA. From these assumptions, the 10-minute activity of each of the radioactive isotopes that are dispersed into the primary coolant system then leaked into the pool can be calculated. For instance, the I-131 activity calculation is given below: 
   = 131I in fuel x 0.0547 x 1/2,000 gal x (7.9 x10-3 gpm) x 10 min x 1,000 mCi/Ci  = (2.78 x 105 Ci) x (2.16 x 10-3 mCi/Ci)  =  6.01 x 102 mCi The activity of all the isotopes studied in the reactor pool after 10 minutes is given in table 6. 
Activity of Radioactive Inventory in Pool after 10 Minutes 131I -  6.01 x 102 mCi 85Kr   -  1.18 x 100 mCi 133Xe   -  1.01 x 103 mCi 132I -  8.15 x 102 mCi 85Krm -  3.31 x 102 mCi 135Xe   -  3.57 x 102 mCi 133I -  1.43 x 103 mCi 87Kr   -  5.25 x 102 mCi 135Xem -  2.23 x 102 mCi 134I -  1.60 x 103 mCi 88Kr   -  7.43 x 102 mCi 137Xe   -  1.26 x 103 mCi 135I -  1.33 x 103 mCi 89Kr   -  9.42 x 102 mCi 138Xe   -  1.30 x 103 mCi  90Kr   -  9.38 x 102 mCi 139Xe   -  1.06 x 103 mCi 
Table 6: Activity of Radioactive Inventory in Pool after 10 Minutes  
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 After calculating the activity in the pool water, it was necessary to calculate the concentration of the radioiodine in the pool water. Since it was assumed that the radioiodine was uniformly mixed into the 20,000-gallon pool water, it was possible to calculate the radioiodine concentration in the pool water, as shown in table 7:  
Radioiodine Concentration in the Pool Water 131I -  30.0 μCi/gal 133I -  71.3 μCi/gal 135I -  66.4 μCi/gal 132I -  40.7 μCi/gal 134I -  80.1 μCi/gal  
Table 7: Radioiodine Concentration in the Pool Water  
Since it was assumed that the radioiodine was uniformly dispersed in the pool water, the radioiodine reached the containment building air by means of evaporation. During normal operation, the rate of evaporation is about 80 gallons of water per day. However, it was assumed that the rate of evaporation was 40 gallons over the 10 minute MHA. 40 gallons is 72 times the normal volume of water evaporated over a normal 10-minute stretch of time, so it was assumed that 72 times the amount of activity was present during the 10 minute MHA than would be expected from normal operation. Also, the air inside containment is set at 75°F and has a relative humidity of about 50%. Considering that containment air at 75°F and 100% relative humidity can contain 40 gallons of water, this assumption assumed that twice the amount of water that could actually evaporate into the air in containment. 
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 For the krypton and xenon isotopes, it was assumed that they did not dissolve into the pool water, but instead immediately passed through the pool water and dispersed into the air in containment. Assuming the volume of water evaporated from the pool over 10 minutes and assuming the krypton and xenon travel directly to the 225,000 ft3 of containment air, the concentration of the radioactive inventory in the bulk containment air was calculated. An example calculation of 131I is calculated below: =  131I concentration in pool water x 40 gal x 1/225,000 ft3 x 35.3147 ft3/m3  =  30.0 μCi/gal x (6.28 x 10-3 gal/m3)  =  1.89 x 10-1 μCi/m3  (1.89 x 10-1 μCi/m3) x (1 m3/106 ml)  =  1.89 x 10-7 μCi/ml  Also, the 85Kr concentration in the air in containment is given below:   =  85Kr activity in pool water x 1/225,000 ft3 x 35.3147 ft3/m3 x 1,000 
μCi/mCi  =   (1.18 x 100 mCi) x (1.57 x 10-1 μCi/mCi-m3)  =   1.85 x 10-1 μCi/m3   (1.85 x 10-1 μCi/m3) x (1 m3/106 ml)  =  1.85 x 10-7 μCi/ml  A similar procedure was done for all the isotopes in the radioactive inventory, as seen in table 8:  
Radioactive Inventory Concentrations in Containment Building 
Air after 10 Minutes 
131I -   1.89 x 10-7 μCi/ml 85Kr   -  1.85 x 10-7 µCi/ml 133Xe   -  1.58 x 10-4 µCi/ml 
132I -   2.56 x 10-7  μCi/ml 85Krm -  5.19 x 10-5 µCi/ml 135Xe   -  5.60 x 10-5 µCi/ml 133I -   4.48 x 10-7  μCi/ml 87Kr   -  8.24 x 10-5 µCi/ml 135Xem -  3.49 x 10-5 µCi/ml 134I -  5.03 x 10-7  μCi/ml 88Kr   -  1.17 x 10-4 µCi/ml 137Xe   -  1.98 x 10-4 µCi/ml 
135I -  4.17 x 10-7  μCi/ml 89Kr   -  1.48 x 10-4 µCi/ml 138Xe   -  2.04 x 10-4 µCi/ml 
 90Kr   -  1.47 x 10-4 µCi/ml 139Xe   -  1.66 x 10-4 µCi/ml 
Table 8: Radioactive Inventory Concentrations in Containment Building Air after 10 Minutes 
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  Since the primary coolant system would leak to the pool at a uniform rate, the concentrations shown in table 8 would not occur until the end of the 10-minute period. Therefore, the buildup of the radioactive inventory in the air in containment would be approximately linear over the 10-minute period, with radiation workers in containment not being exposed to any radiation at the beginning of the MHA and exposed to the full dose at the end of the 10-minute period. So, an average concentration of the radioactive inventory was assumed to calculate the dose to the radiation workers. This concentration was assumed to be half of the maximum concentration of the 10-minute period, or the concentration at 5 minutes into the 10-minute period.  
 The first dose calculated was the CDE, CEDE, DDE, and TEDE from the radioiodines. The average radioiodine concentrations used to calculate the dose are given in table 9: 
 
Average Radioiodine Concentrations in the Containment Building 
Air 131I -  9.45 x 10-8 µCi/ml 134I -  2.52 x 10-7 µCi/ml 132I -  1.28 x 10-7 µCi/ml 135I -  2.09 x 10-7 µCi/ml 133I -  2.24 x 10-7 µCi/ml  
Table 9: Average Radioiodine Concentrations in the Containment Building Air  
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To convert from μCi, a unit of activity, to Sieverts, a unit of dose, two conversion factors were used. Iodine contributes dose to the body in two ways. First, iodine gives a dose to the thyroid through inhalation. The thyroid absorbs iodine, so radioiodine is of particular importance to the CDE and CEDE dose to the thyroid. Second, iodine gives a whole body dose through submersion. Each of these pathways to dosage has a conversion factor for each radioiodine isotope, given by the Environmental Protection Agency (EPA) Federal Guidance Report No. 11 and 12 (19, 20). These conversion factors are given in tables 10 and 11: 
 
Committed Dose Equivalent Per Unit Intake to the Thyroid 131I -  2.92 x 10-7 Sv/Bq 134I -  2.88 x 10-10 Sv/Bq 132I -  1.74 x 10-9 Sv/Bq 135I -  8.46 x 10-9 Sv/Bq 133I -  4.86 x 10-8 Sv/Bq  
Table 10: Committed Dose Equivalent Per Unit Intake to the Thyroid (19)  
 
Air Submersion Dose Equivalent HT to the Whole Body 131I -  1.82 x 10-14 Sv/Bq-sec-m-3 134I -  1.30 x 10-13 Sv/Bq-sec-m-3 132I -   1.12 x 10-13 Sv/Bq-sec-m-3 135I - 7.98 x 10-14 Sv/Bq-sec-m-3 133I -  2.94 x 10-14 Sv/Bq-sec-m-3  
Table 11: Air Submersion Dose Equivalent HT to the Whole Body (20)  
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To calculate the dose from inhalation, the breathing rate and conversion from Curie to Becquerel was needed. The NRC regulates the breathing rate of 3.3 x 10-4 m3/sec21, and the conversion from Curie to Becquerel is 1 Ci = 3.7 x 1010 Bq.  
 Each individual isotope of radioiodine contributes to the thyroid dose and the whole body dose. The example calculation for the thyroid and whole body dose for 131I is shown below, and the dose to the thyroid and whole body from all 5 radioiodine isotopes is shown in tables 12 and 13. 
131I dose from inhalation   9.45  10 2  Ci
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÷= 3.82  10 8Sv  
Dose to the Thyroid from Inhalation 131I -  2.02 x 10-4 Sv 134I -  5.30 x 10-7 Sv 132I -  1.63 x 10-6 Sv 135I -  1.29 x 10-5 Sv 133I -  7.97 x 10-5 Sv  
Table 12: Dose to the Thyroid from Inhalation  
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Dose to the Whole Body from Submersion 131I -  3.82 x 10-8 Sv 134I -  7.25 x 10-7 Sv 132I -  3.18 x 10-7 Sv 135I – 3.69 x 10-7 Sv 133I -  1.46 x 10-7 Sv  
Table 13: Dose to the Whole Body from Submersion   So, the dose to the thyroid was 2.96 x 10-4 Sv and the dose to the whole body was 1.60 x 10-6 Sv. Using the conversion 1 millirem = 10-5 Sv, the CDE to the thyroid was 29.6 mrem and the DDE to the whole body was 0.16 mrem. The CEDE is defined 
by the NRC as “the sum of the products of the weighting factors applicable to each of the body organs or tissues that are irradiated and the committed dose equivalent to these organs or tissues (22).” The weighting factor for the thyroid is defined to be 0.03. Therefore, by multiplying the CDE of the radioiodines by 0.03, the CEDE was 
found to be 0.889 mrem. To find the TEDE, the NRC defines it as “the sum of the effective dose equivalent (for external exposures) and the committed effective dose equivalent (for internal exposures) (22).” For the whole body dose, the weighting factor is 1, so the DDE from submersion was the effective dose equivalent for the whole body. Therefore, summing 0.16 and 0.889 (the DDE and the CEDE) gave the TEDE for the radioiodines: 1.05 mrem. These doses are summarized in table 14.     
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10-Minute Dose from Radioiodines in Containment CDE (thyroid)  29.6 mrem CEDE (thyroid)  0.89 mrem DDE (whole body) 0.16 mrem TEDE (whole body) 1.05 mrem 
Table 14: 10-Minute Dose from Radioiodines in Containment  
 The dose from the radioactive kryptons and xenons were analyzed in much the same way as the radioiodines. The dose from each of these isotopes contributes only to the whole body submersion dose, not the thyroid or any other organ dose. This can be seen from Appendix B of 10 CFR 20.  For the radioiodines, there are derived air concentrations (DACs) for inhalation for dose to the thyroid, in addition to the EPA Federal Guidance Report values for conversion factors. For the radioactive kryptons and xenons, there are no inhalation DACs, only submersion DACs, which were used to calculate the dose from the noble gases. 
 Derived air concentrations are conversion factors to calculate dose, much like the conversion factors used to calculate dose from the radioiodines, but not 
exactly the same. The NRC defines DAC as “the concentration of a given radionuclide in air which, if breathed by the reference man for a working year of 2,000 hours under conditions of light work (with an inhalation rate of 1.2 cubic meters of air per hour), results in an intake of one annual limit on intake (ALI) (23).” The NRC defines 
ALI as “the derived limit for the amount of radioactive material taken into the body of an adult worker by inhalation or ingestion in a year. ALI is the smaller value of 
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intake of a given radionuclide in a year by the "reference man" that would result in a committed effective dose equivalent (CEDE) of 5 rems (0.05 sievert) or a committed dose equivalent (CDE) of 50 rems (0.5 sievert) to any individual organ or tissue 
(24).” Using these two definitions, a conversion factor was derived to find the dose from the radioactive kryptons and xenons. The DAC values for each of the krypton and xenon isotopes can be found in Appendix B of 10 CFR 20 and are listed in table 15. 
 
DAC values for Krypton and Xenon Isotopes (μCi/ml) Kr-85 1.00 x 10-4 Kr-85m 2.00 x 10-5 Kr-87 5.00 x 10-6 Kr-88 2.00 x 10-6 Kr-89 1.00 x 10-7 Kr-90 1.00 x 10-7 Xe-133 1.00 x 10-4 Xe-135 1.00 x 10-5 Xe-135m 9.00 x 10-6 Xe-137 1.00 x 10-7 Xe-138 4.00 x 10-6 Xe-139 1.00 x 10-7 
Table 15: 10 CFR 20 DAC values for Krypton and Xenon Isotopes  
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With the DAC values and the definition of ALI, the conversion factor to determine was achieved. Using the fact that the DAC concentration of a particular nuclide yields 5 rem of dose, the 10-minute dose to an individual in containment was derived. An example calculation of Kr-85 is provided below: 
5000 𝑚𝑟𝑒𝑚
2000 ℎ𝑟
×
1
6
ℎ𝑟 ×
1.85 × 10−7𝜇𝐶𝑖/𝑚𝑙
2
×
1
1 × 10−4𝜇𝐶𝑖/𝑚𝑙
= 3.85 × 10−4𝑚𝑟𝑒𝑚 
All the doses from the xenon and krypton isotopes were calculated in a similar fashion, and are summarized in table 16. 
 
10-Minute Doses from Noble Gases in Containment  85Kr – 0 mrem 85Krm – 1 mrem 87Kr – 4 mrem 88Kr – 12 mrem 89Kr – 308 mrem 90Kr – 306 mrem 133Xe – 0 mrem 135Xe – 1 mrem 135Xem – 1 mrem 137Xe – 413 mrem 138Xe – 11 mrem 139Xe – 345 mrem 
Total DDE Whole Body Dose – 1402 mrem 
Table 16: 10-Minute Doses from Noble Gases in Containment 
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These doses were derived used the DACs from 10 CFR 20 Appendix B. However, four isotopes listed did not have published DACs: 89Kr, 90Kr, 137Xe, and 
139Xe. In this situation, 10 CFR 20 Appendix B has a default submersion DAC for unlisted nuclides (25). This DAC is set at 1 x 10-7 μCi/ml. These four isotopes gave 97.86% of the total noble gas DDE in containment. With this information the total dose was calculated by adding the TEDE from the radioiodines and the TEDE from the noble gases (which is just the DDE since the weighting factor for the whole body is 1). The results are summarized in table 17. 
 
 
10-Minute Dose from Noble Gases and Radioiodines in 
Containment  CDE (Thyroid) – 29.6 mrem CEDE (Thyroid) – 0.89 mrem DDE (Radioiodines) – 0.16 mrem DDE (Noble Gases) – 1402 mrem TEDE (Whole Body) – 1403 mrem 
Table 17: 10-Minute Dose from Noble Gases and Radioiodines in Containment   
 This TEDE dose is 28.1% of the normal operating dose 10 CFR 20 limit of 5 rem per year. This dose limit is really just a guide for accident scenarios, like the MHA, and not a binding number. However, it is a good guide for dose limits, and is 
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usually the limit that accident scenarios are compared to. The MHA is well below the 10 CFR 20 limit, however, so a petition for a raised limit as allowed by NUREG-1537 Part 1 is not necessary. 
It is also worth noting that this dose assumes that individuals in containment spend the entire 10 minutes in containment. As stated previously, operations personnel would spend about 5 minutes in containment. Assuming a linear increase in the concentration of radionuclides inside containment, this would be 25% of the dose at the end of the 10-minute exposure. This is due to half the stay time and a linear buildup in concentration inside containment, which is half of the 5 minute average used to calculate the 10 minute dose. This dose equates to a TEDE of 351 mrem, which is about 7% of the 10 CFR 20 annual limit. According to the Hazards Summary Report, non-operations personnel would evacuate containment in about 2 minutes, corresponding to a 25th of the total dose (40). This would result in a TEDE of 56 mrem, 1% of the 5 rem annual limit. 
 
3 Dosage to Workers in Containment using HEU MHA DACs 
 In the previous section, the dose was derived using the DACs from Appendix B of 10 CFR 20. However, all of these DACs were not used in the submitted HEU MHA in 2006 for relicensing. There were four isotopes that did not have published DACs in Appendix B of 10 CFR 20: 89Kr, 90Kr, 137Xe, and 139Xe. In the HEU MHA, it is apparent that the doses from 89Kr, 90Kr, and 137Xe were not derived from the default 
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DAC of 1 x 10-7 μCi/ml, while 139Xe was. In the case where 10 CFR 20 DAC values were not available for 89Kr, 90Kr, and 137Xe research was performed to see if that data was available from an alternate source. That source was a document from the 
United States’ Department of Energy (DOE) and 10 CFR 835. 
10 CFR 835’s purpose is to “establish radiation protection standards, limits, and program requirements for protecting individuals from ionizing radiation resulting from the conduct of DOE activities (26).” Essentially, 10 CFR 835 serves the same purpose for the DOE as 10 CFR 20 serves for the NRC. In Appendix C of 10 CFR 835, there are air immersion DACs for radionuclides, similar to Appendix B of 
10 CFR 20 (27). These DACs are similar in magnitude to 10 CFR 20’s DACs, although not exactly the same. If one looks at Appendix C of 10 CFR 835, one would notice that the four unlisted isotopes from Appendix B of 10 CFR 20 are also unlisted in Appendix C of 10 CFR 835. However, prior to the update of 10 CFR 835 in 2007, there were DACs for 89Kr, 90Kr, and 137Xe (29). In 2007, 10 CFR 835 was updated to reflect the recommendations put forth by the International Commission on Radiological Protection (ICRP) Publication 60. These values are given in table 18. 
 
DAC Values Obtained from Pre-2007 10 CFR 835 89Kr – 2x10-6 μCi/ml 90Kr – 3x10-6 μCi/ml 137Xe – 2x10-5 μCi/ml 
Table 18: DAC Values Obtained from Pre-2007 10 CFR 835 Document  
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139Xe did not have a DAC value in either Appendix B of 10 CFR 20 or the pre-2007 version of of 10 CFR 835, so the default DAC from Appendix B of 10 CFR 20 was used.  
 Using these DACs, a much smaller dose was found. All the assumptions and calculations remained the same as the assumptions and calculations with the unpublished DAC calculation in the previous section, except for substitution the new DACs in for the three isotopes. The new dose was found to be 402 mrem, and the results from the radioactive noble gases are summarized in table 19.  
 
10-Minute Doses from Noble Gases in Containment using the DACs 
from the Pre-2007 Version of 10 CFR 835  85Kr – 0 mrem 85Krm – 1 mrem 87Kr – 4 mrem 88Kr – 12 mrem 89Kr – 15 mrem 90Kr – 10 mrem 133Xe – 0 mrem 135Xe – 1 mrem 135Xem – 1 mrem 137Xe – 2 mrem 138Xe – 11 mrem 139Xe – 345 mrem 
Total DDE Whole Body Dose – 402 mrem 
Table 19: 10-Minute Doses from Noble Gases in Containment using the DACs from the Pre-
2007 Version of 10 CFR 835 
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 Using these DACs, the DDE whole body dose from the noble gases was 28.7% lower than the DDE whole body dose using the default DACs from 10 CFR 20. Table 20 shows the summary of the 10-minute dose from radioiodines and noble gases in containment, much like table 17 in the previous section. Again, since the weighting factor of the whole body is 1, the DDE from the noble gases was the TEDE for the noble gases as well. So, adding the TEDE of the radioiodines with the TEDE of the noble gases, the TEDE of the whole body was found. 
 
10-Minute Dose from Noble Gases and Radioiodines in 
Containment using the DACs from the Pre-2007 Version of 10 CFR 
835 CDE (Thyroid) – 29.6 mrem CEDE (Thyroid) – 0.89 mrem DDE (Radioiodines) – 0.16 mrem DDE (Noble Gases) – 402 mrem TEDE (Whole Body) – 403 mrem 
Table 20: 10-Minute Dose from Noble Gases and Radioiodines in Containment using the DACs 
from the Pre-2007 Version of 10 CFR 835  
Also, it is likely that operations personnel would evacuate containment in about 5 minutes. Assuming a linear rate of buildup of radioiodines and noble gases in containment, the dose for 5 minutes inside containment was 25% of the 10-minute dose, which was 101 mrem. This is 2% of the guidance put forth by 10 CFR 
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20, and obviously much less than the dose derived in Section 2 of this chapter. For non-operations personnel in containment, their 2 minute dose would be 16 mrem, which was 0.3% of the 10 CFR 20 annual limit. It is believed that these DACs warrant inclusion in this study because of their prior acceptance by the NRC and their basis in a recent version of 10 CFR 835. While both the default DACs from the previous section and the DACs presented here fall below the guidelines of 10 CFR 20, the DACs in this section give more leeway as to the guidelines of 10 CFR 20 while still having a solid basis. 
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Chapter 3: Outside Release Beyond the EBA 
1 Assumptions and Primary Methodology 
In addition to calculating the dose to the radiation workers in containment, the dose to a person at or beyond the EBA was calculated. The guidance for this 
chapter was based on NRC Regulatory Guide 1.195. This Guide says “the dose calculations should determine the thyroid and whole body doses,” which was done in this chapter (30). The dose was based on the assumption that the radionuclides were dispersed via the exhaust stack and traveled as a plume to the point of maximum concentration beyond the EBA. From that, the dose was calculated in much the same way as chapter 2. 
From the beginning of the MHA, the containment ventilation system will secure and the flow of air from that system will not travel from the containment structure to any surrounding areas. Also, the MHA will not cause the pressure inside the containment structure to rise, so that will not cause a pressure differential from inside containment to the outside. Therefore, any flow of air from containment to the outside atmosphere would be the result of changes in atmospheric pressure, causing a pressure differential from containment to the outside atmosphere. Realistically, it is probable that there is no difference between the outside pressure and containment pressure. However, to develop the worst-case scenario, a pressure change was assumed that occurred at the start of the MHA in order to have the maximum effect. In order to be consistent with the HEU MHA, a pressure change of 
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0.7 inches of mercury was assumed. This would create a pressure differential of 0.33 psig (2.28 kPa above atmosphere) between the containment building and the laboratory building, which surrounds most of the containment structure. The radionuclides would leak into the laboratory building, and assuming the conservative leak rate corresponding to the technical specification leak rate limit of 10% of the contained volume over a 24-hour period from an initial overpressure of 2 psig (13.8 kPa above atmosphere), the leakage rate can be found (45). The leakage rate formula is 
𝐿𝑅 = 17.85 × (𝐶𝑃 − 14.7)
1
2 
where LR is the leakage rate in standard cubic feet per minute (scfm) and CP is containment pressure in psia. CP in this case was 15.03 psia, which gave a leakage rate of 10.3 scfm. Assuming a linear depressurization, the average leak rate would be 5.2 scfm. With this leak rate, it would take about 16.5 hours for the pressure difference to go to zero and stop the leaking. This was found using the time-derivative formula of the ideal gas law: 
𝑑𝑃
𝑑𝑡
=
𝑑𝑛
𝑑𝑡
𝑅𝑇
𝑉
 
Knowing the leak rate, temperature, volume, and pressure difference, the time to equilibrium was found.  
Essentially all of the leakage pathways out of the containment building go to the reactor laboratory building, which surrounds most of the containment building. 
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It was assumed that the laboratory building ventilation system continues to operate during the 16.5 hours after the onset of the MHA. The radioactive krypton, xenon, and iodine leaking out of containment would mix with the air in the laboratory building. This air would then exit the facility through the exhaust stack at a rate of approximately 30,500 cfm (cubic feet per minute). This would dilute the concentration of radioactive material present at the maximum point of concentration.  
Another factor that would dilute the radioactive inventory present at the point of maximum concentration would be the deposition of iodine in the containment vessel. From studies done at Oak Ridge National Laboratory, it was determined that 75% of the iodine released can be deposited in the containment vessel (31). Therefore, the air released into the containment building was assumed to have 25% of the concentration of radioiodine that was present in the containment building. These concentrations are summarized in table 21. It was assumed that 100% of the radioactive noble gases leak from containment.  
Another important point that differs from the HEU MHA is the time of release. In the HEU MHA, it is assumed that only the radioactive inventory from the 10-minute containment scenario is leaked out. This would not necessarily be true. There is nothing to stop the primary coolant system from leaking to the pool after the 10-minute containment evacuation. Therefore, it was assumed that the radioactive inventory from the fuel was released over the entire 16.5-hour period. Since the average concentration of all the radioactive isotopes was studied, the 
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average radioactive release from the fuel to the pool was assumed. The average activity in the pool was assumed to be the activity at 8.25 hours.  
 
Radioiodine Concentration in Air Leaking from Containment 131I -  2.33 x 10-6 µCi/ml 134I -  6.22 x 10-6 µCi/ml 132I -  3.16 x 10-6 µCi/ml 135I -  5.16 x 10-6 µCi/ml 133I -  5.54 x 10-6 µCi/ml  
Table 21: Radioiodine Concentration in Air Leaking from Containment  
 Since the laboratory building air is released through the exhaust stack, a plume atmospheric dispersion model was used. The following equation was used to calculate the concentration at different points downwind from the stack release point: 
𝜒 =
𝑄
𝜋 × 𝜎𝑌 × 𝜎𝑍 × 𝜇
× exp [−
1
2
× (
𝐻
𝜎𝑍
)
2
] 
where χ is the concentration downwind, Q is the release rate, σY is the lateral dispersion coefficient, σZ is the vertical dispersion coefficient, μ is the average wind speed, and H is the effective stack height.  
 With the dispersion equation, all the variables had to be found. Q was found using the concentration of the radioactive isotope leaking from containment and the average leak rate. An example calculation for I-131 is given below: 
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𝑄(I-131) = 2.33 × 10−6
𝜇𝐶𝑖
𝑚𝑙
× 5.2 𝑠𝑐𝑓𝑚 ×
1 𝑚𝑖𝑛
60 𝑠
× 28,317
𝑚𝑙
𝑠𝑐𝑓
= 5.73 × 10−3
𝜇𝐶𝑖
𝑠
 
The Q values for all the radioisotopes is given in table 22: 
 
Q Values for Radioisotopes Exiting the Exhaust Stack (μCi/s) 131I – 5.73x10-3 132I – 7.77x10-3 133I – 1.36x10-2 134I – 1.53x10-2 135I – 1.27x10-2 85Kr – 2.25x10-2 85Krm – 6.30 87Kr – 10.0 88Kr – 14.2 89Kr – 18.0 90Kr – 17.9 133Xe – 19.2 135Xe – 6.80 135Xem – 4.24 137Xe – 24.1 138Xe – 24.8 139Xe – 20.1  
Table 22: Q Values for Radioisotopes Exiting the Exhaust Stack  
 To find the average wind speed (μ), wind data was studied from 1960-1969 in Columbia, Missouri to collect the wind speed for each stability class and probability of wind blowing from each of the 16 compass points. In plume dispersion modeling, there are 6 stability classes, A-F, with A being the most stable atmospheric condition and F being the least. This information was gathered from 
Appendix B of Chapter 13 of MURR’s Safety Analysis Report. It is assumed that the wind is blowing from the south because this is the most likely direction the wind 
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would be blowing from, according to the data. The average wind speed for each of the stability classes is given in table 23: 
 
Average Wind Speed for Each Stability Class for Wind Blowing from 
the South A – 2.1 m/s B – 3 m/s C – 4.2 m/s D – 5.6 m/s E – 4 m/s F – 2.6 m/s 
Table 23: Average Wind Speed for Each Stability Class for Wind Blowing from the South  
 Next, the vertical and horizontal dispersion coefficients σZ and σY had to be found. These coefficients, with units of meters, attempt to quantify how the plume disperses as it travels downwind. One of the most cited studies of these coefficients 
is the “Workbook of Atmospheric Dispersion” by Turner (32). This study, done for the United States Environmental Protection Agency, provides curves for σZ and σY, but no formula for calculating them. Figures 6 and 7 show the Pasquill-Gifford curves for lateral and vertical diffusion for Gaussian plume modeling (33). 
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Figure 7: Horizontal Dispersion Coefficient  
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Figure 8: Vertical Dispersion Coefficient  In order to calculate the values for σZ and σY, the following equations were used (34): 
𝜎𝑌 = 4.6511628𝑥 tan (𝑇𝐻) where 
𝑇𝐻 = 0.0017453293[𝑐 − 𝑑 ln 𝑥] 
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and  
𝜎𝑌 = 𝑎𝑥𝑏 A, b, c, and d are all constants that depend on stability class and distance downwind from the source and x is the distance downwind in kilometers. These equations closely match the curve, and were used to quantify the dispersion coefficients other than simply trying to eye where the curve intersects the graph.  With the coefficients determined, the last variable needed was the effective stack height H. The equation for H was the same one used in Appendix B of the SAR 
𝐻 = ℎ + 𝑑 (
𝑣
𝜇
)
1.4 
where h is the difference in elevation from release point to site of calculation, d is the diameter of the release point, μ is the average wind speed for the stability class, and v is the exit velocity.   Once all variables were determined, the calculation was done at several distances north of the facility: from 100 m to 700 m in 50 m intervals, 760 m, representing the closest residence, and at 800 m and 1000 m. The point of maximum concentration was found to be at 760 m. This point was the point of maximum concentration for all radioactive isotopes leaving the stack, since all the isotopes leave the stack at the same velocity.  This also assumes that the worst meteorological conditions are present. The high pressure differential between containment and the outside and the worst case stability class (in this case, class F). Therefore, with the point of maximum concentration found, the calculation of the dose was then done.  
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2 Dose Calculation using the Pre-2007 10 CFR 835 DAC’s 
After finding the point of maximum concentration, the doses from each of the radioactive isotope exiting from the exhaust stack was found. While no direct guidelines for research reactors were present, NRC Regulatory Guide 1.195 was used. In section 4.1.1 of Guide 1.195, it states, “the dose calculations should determine the thyroid dose and whole body doses” at or beyond the EBA, which was the analysis done for the LEU MHA (35). Using the concentration equation in the previous section with the conservative atmospheric assumptions and leak rate, the concentration at 760 m north (the point of maximum concentration) was determined. The concentration of each of the radioactive isotopes is represented in table 24. 
 
Concentration of Radioactive Isotopes at 760 m North (μCi/ml) 131I – 1.46x10-12 132I – 1.98x10-12 133I – 3.47x10-12 134I – 3.90x10-12 135I – 3.24x10-12 85Kr – 5.73x10-12 85Krm – 1.61x10-9 87Kr – 2.56x10-9 88Kr – 3.62x10-9 89Kr – 4.59x10-9 90Kr – 4.57x10-9 133Xe – 4.91x10-9 135Xe – 1.74x10-9 135Xem – 1.08x10-9 137Xe – 6.14x10-9 138Xe – 6.34x10-9 139Xe – 5.14x10-9  
Table 24: Concentration of Radioactive Isotopes at 760 m North  
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 With the concentration of the radioisotopes found, the dose was determined in the same way as the 10-minute containment scenario, using DACs. First, the dose was found using the DACs from the pre-2007 10 CFR 835 Appendix C. These are the less conservative DACs from chapter 2, and were accepted by the NRC for the HEU MHA.  
 Frist, the CDE, the CEDE, the DDE, and the TEDE were derived from the iodine concentration to both the whole body and thyroid. An example calculation of I-131 is done below: I-131 dose from inhalation   
1.46  10 12  Ci
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÷ 
106ml
1m3
 
 
 
 
 
÷ 3.7  104
Bq
 Ci
 
 
 
 
 
÷ 10min 
60sec
1min
 3.3  10 4 m
3
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÷=1.07  10 2Bq    Thyroid Dose – 1.07  10 2Bq( )  2.92  10 7 SvBq     ÷= 3.13 10 9Sv              I-131 dose from submersion:  
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= 32.4 𝐵𝑞−𝑠𝑒𝑐
𝑚3
    
Whole Body Dose - 32.4 Bq  sec
m3
 
 
 
 
 
÷ 1.82  10 14
Sv
Bq  sec m 3
 
 
 
 
 
÷= 5.90  10 13Sv  
So essentially, there is no significant dose from I-131. From the concentration of the other radioiodine isotopes, there is no dose from any of those isotopes to either the thyroid of the whole body. Therefore, there is no dose contribution from the radioiodines. 
 50 
 Turning to the radioactive noble gases, the dose from these isotopes were calculated the same way as the 10-minute containment scenario. An example calculation of Kr-85 is given below, using the DAC value given in chapter 2: 
5.73 × 10−12
𝜇𝐶𝑖
𝑚𝑙
×
1𝑚𝑙
1 × 10−4𝜇𝐶𝑖
×
5000𝑚𝑟𝑒𝑚
2000ℎ𝑟
× 16.5ℎ𝑟 = 2.4 × 10−6𝑚𝑟𝑒𝑚 
All of the radioactive noble gas isotopes were done in the same manner. The DDE values for these isotopes are given in table 25: 
 
DDE Dose of Noble Gas Isotopes with Pre-2007 10 CFR 835 DACs 
(mrem) 85Kr - 2.4x10-6 133Xe - 2.0x10-3 85Krm - 3.3x10-3 135Xe - 7.2x10-3 87Kr - 2.1x10-2 135Xem – 5.0x10-3 88Kr - 7.5x10-2 137Xe - 1.3x10-2 89Kr - 9.5x10-2 138Xe - 6.5x10-2 90Kr - 6.3x10-2 139Xe - 2.1 
Total DDE Whole Body Dose – 2.45 mrem 
Table 25: DDE Dose of Noble Gas Isotopes with Pre-2007 10 CFR 835 DACs  
Therefore, with the pre-2007 10 CFR 835 DACs, the DDE from the noble gas isotopes was 2.45 mrem. Since the multiplier for the whole body DDE to TEDE is 1, the TEDE from the noble gas isotopes is 2.45 mrem. Since there was no contribution from the 
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radioiodines was 0 mrem, the whole body TEDE was 2.45 mrem. The summary of the doses from these DACs is given in table 26. 
 
16.5-Hour Dose from Noble Gases and Radioiodines Outside the 
EBA using the DACs from the Pre-2007 Version of 10 CFR 835 CDE (Thyroid) – 0 mrem CEDE (Thyroid) – 0 mrem DDE (Radioiodines) – 0 mrem DDE (Noble Gases) – 2.45 mrem TEDE (Whole Body) – 2.45 mrem 
Table 26: 16.5-Hour Dose from Noble Gases and Radioiodines Outside the EBA using the DACs 
from the Pre-2007 Version of 10 CFR 835  
 
3 Dose Calculation using the 10 CFR 20 Default DAC 
 Recalling from chapter 2, 10 CFR 20 does not have DACs for Kr-89, Kr-90, Xe-137, and Xe-139 (which is not listed in either source), instead going to a default DAC for unlisted radionuclides, which is 1x10-7 μCi/ml. This is a conservative DAC, which leads to a higher calculated dose. Using this DAC, the doses from the noble gas isotopes were calculated and are summarized in table 27: 
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DDE Dose of Noble Gas Isotopes with 10 CFR 20 Default DAC 
(mrem) 85Kr - 2.4x10-6 133Xe - 2.0x10-3 85Krm - 3.3x10-3 135Xe - 7.2x10-3 87Kr - 2.1x10-2 135Xem – 5.0x10-3 88Kr - 7.5x10-2 137Xe – 2.5 89Kr – 1.9 138Xe - 6.5x10-2 90Kr – 1.9 139Xe - 2.1 
Total DDE Whole Body Dose – 8.58 mrem 
Table 27: DDE Dose of Noble Gas Isotopes with 10 CFR 20 Default DAC  
Using similar logic as in the previous section, the TEDE to the whole body was 8.58 mrem. The doses using 10 CFR 20 default DAC are summarized in table 28: 
 
16.5-Hour Dose from Noble Gases and Radioiodines Outside the 
EBA using the 10 CFR 20 Default DAC CDE (Thyroid) – 0 mrem CEDE (Thyroid) – 0 mrem DDE (Radioiodines) – 0 mrem DDE (Noble Gases) – 8.58 mrem TEDE (Whole Body) – 8.58 mrem 
Table 28: 16.5-Hour Dose from Noble Gases and Radioiodines Outside the EBA using the 10 
CFR 20 Default DAC  
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4 Conclusions  
 There are no definite regulations for accident scenarios for research reactors when it comes to the dose for a person outside the EBA, but usually the guideline is the 10 CFR 20 regulatory TEDE limit of 100 mrem and 2 mrem per hour (36). With the pre-2007 10 CFR 835 DACs, the TEDE dose was 2.45% of the annual limit and 7.4% of the hourly limit. Using the 10 CFR 20 default DAC, the dose was 8.58% of the annual limit and 15% of the hourly. So, the dose from either set of DACs was well below the regulatory guide. As stated before, this dose assumes very conservative atmospheric conditions, as well as a conservative burnup on the core to produce the radioactive inventory that was used to calculate the dose.  
 An important factor that also mitigates the dosage outside the EBA is the fact that MURR can order a site evacuation. This differs from other research reactors such as the Massachusetts Institute of Technology Reactor (MITR). MITR can only order a facility evacuation, not a site evacuation. Because of this, MITR must also calculate the gamma ray dose outside of containment (37). However, because MURR can order a site evacuation, this analysis was not done. 
 An assumption that was not made for this analysis that was made for the HEU MHA was that Operations personnel secure the primary coolant system before leaving the containment building. If Operations does secure the primary coolant system, then the primary coolant system will not leak into the pool, and the radioactive inventory that would spread beyond the EBA would only be the inventory concentration present at the end of the 10-minute containment scenario 
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of the MHA, not the averaged 16.5-hour concentration that was assumed for this chapter. If the assumption is made that the primary coolant system is secure, then the dose is reduced dramatically. If the default DAC from 10 CFR 20 is used, then the TEDE dose becomes 0.17 mrem. If the DACs from the pre-2007 version of 10 CFR 835 are used, then the dose becomes 0.05 mrem. To remain conservative, this assumption was not made in this analysis. However, because Operations personnel are trained to secure the primary coolant loop before exiting containment, this assumption is not unreasonable when analyzing the dose beyond the EBA. 
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Chapter 4: Conclusions 
1 Summary of Results 
 As a part of the HEU to LEU fuel conversion of MURR, the maximum hypothetical accident analysis was in accordance with Chapter 13 of NUREG-1573. As with the HEU MHA, the two scenarios studied were the 10-minute release in containment with the corresponding dosage to radiation workers and the 16.5-hour release outside the EBA with the dosage to a non-radiation worker. Table 29 summarizes the dosage of both scenarios and compares them to the HEU MHA. 
 
Comparison Between the HEU and LEU MHA  HEU MHA LEU MHA 
10-Minute Containment 
Pre-2007 10 CFR 835 DACs Pre-2007 10 CFR 835 DACs 10 CFR 20 Default DAC CEDE (Thyroid) – 0.23 mrem CEDE (Thyroid) – 0.889 mrem  CEDE (Thyroid) – 0.889 mrem TEDE (Whole Body) 
– 132.28 mrem TEDE (Whole Body) – 403 mrem TEDE (Whole Body) – 1403 mrem 
16.5-Hour Outside Release CEDE (Thyroid) – 0 mrem CEDE (Thyroid) – 0 mrem CEDE (Thyroid) – 0 mrem TEDE (Whole Body) 
– 0.03 mrem TEDE (Whole Body) – 2.45 mrem TEDE (Whole Body) – 8.58 mrem 
Table 29: Comparison Between the HEU and LEU MHA   
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 The 20% uprate in power and the larger radioactive inventory in the core accounted for the larger dosage in both the 10-minute containment scenario and the 16.5-hour outside containment scenario. There were also significant conservative assumptions that contribute to the LEU dosage. For instance, the EOL plates with the BOL equilibrium xenon power profile, which is an unrealistic scenario, but errors significantly on the side of conservatism. There are several examples of this, such as the leak rate in the primary coolant system, large pressure differential between containment and the environment, and the person outside containment stays at the point of maximum concentration for 16.5 straight hours. However, all of these conservative assumptions lead to the assurance that the dosage present in both scenarios represents the worst-case dosage.  
 The scenario that would most likely lead to the melting of fuel plates would be a loss of coolant or loss of primary flow accident. No LOCA/LOFA event studied thus far has been shown to induce temperatures that would cause the fuel to fail (38). Even if the fuel did melt, the anti-siphon and reactor vent systems are designed to trap the radioactive inventory in the primary coolant system. The selection of the four number 23 fuel plates represents a condition worse than any credible postulated accident, and from the analysis done, it is not expected that this accident would result in a dose above any regulatory guidance. 
2 Subjects for Future Work 
 While this analysis was thorough for the LEU conversion, there may be several ways to increase the accuracy of future MHA analysis without relaxing the 
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need for conservatism. First, more analysis could be done on whether more radioactive isotopes contribute to the dose beyond just krypton, xenon, and iodine. With the fuel melting and assuming that inventory leaks out beyond the primary coolant system, it may be possible that some isotopes have enough radiation energy to contribute to the dose of individuals in containment, even if they just stay in the pool.  
 Second, more analysis could be done on the release fractions of the xenon, krypton, and iodine isotopes that are postulated to be the dose in the MHA. NRC Guide 1.195 gives a release fraction of 1 for xenon and krypton and 0.5 for iodine (even though in this analysis the release fraction is 1 for iodine), but there may be some dissolving in the pool water or trapping by the primary coolant structure beyond just the safety features.  
 Finally, the most troubling part of the 16.5-hour outside containment scenario was the curve-fitting calculations to find σY and σZ, the dispersion coefficients for the Gaussian plume model. While understanding that the equations in chapter 3 are fits of empirical data from Turner, a better analysis could be done if a more precise definition of the dispersion coefficients beyond just empirical data.   
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